Different populations may respond differently to exposure to ambient fine particulate matter, defined as particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ); however, less is known about the distribution of susceptible individuals among the entire population. We conducted a time-stratified case-crossover study to assess associations between stroke risk and exposure to PM 2.5 . During 2013-2015, 1,356 first-ever stroke events were derived from a large representative sample, the China National Stroke Screening Survey (CNSSS) database. Daily PM 2.5 average exposures with a spatial resolution of 0.1°were estimated using a data assimilation approach combining satellite measurements, air model simulations, and monitoring values. The distribution of susceptibility was derived according to individual-specific associations with PM 2.5 modified by different combinations of individual-level characteristics and their joint frequencies among all of the CNSSS participants (n = 1,292,010). We found that first-ever stroke was statistically significantly associated with PM 2.5 (per 10-μg/m 3 increment of exposure, odds ratio = 1.049, 95% confidence interval (CI): 1.038, 1.061). This association was modified by demographic (e.g., sex), lifestyle (e.g., overweight/obesity), and medical history (e.g., diabetes) variables. The combined association with PM 2.5 varied from 0.966 (95% CI: 0.920, 1.013) to 1.145 (95% CI: 1.080, 1.215) per 10-μg/m 3 increment in different subpopulations. We found that most of the CNSSS participants were at increased risk of PM 2.5 -related stroke, while only a small proportion were highly susceptible. air pollution; effect modifiers; fine particulate matter (PM 2.5 ); first-ever stroke; particulate matter; stroke; susceptibility Abbreviations: CI, confidence interval; CNSSS, China National Stroke Screening Survey; DLM, distributed lag model; OR, odds ratio; PM, particulate matter; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm.
Ambient air pollution, especially airborne fine particulate matter (PM) with an aerodynamic diameter less than or equal to 2.5 μm (PM 2.5 ), has been well established as a major risk factor for increased morbidity and mortality from respiratory, cardiovascular, and other cause-specific diseases (1) (2) (3) (4) . It is also acknowledged that certain subpopulations, which are defined as susceptible or vulnerable, are more strongly affected by PM 2.5 exposure (5) , and most of the PM-related disease burden is borne by these individuals (1, 6) . Understanding the patterns of differential susceptibility in the general population would not only contribute to elucidating the biological mechanisms of PMrelated diseases but would also help in identifying and protecting the most vulnerable subpopulations (6) . However, the few epidemiologic studies carried out have provided evidence of variations in susceptibility to PM-related health risk across the general population; more research is needed to address this knowledge gap (7) .
Health risks associated with short-term exposure to PM may be modified by the sources and compositions of PM, as well as by individual life stage, sex, race/ethnicity, socioeconomic status, and health conditions (5, (8) (9) (10) . Here, we refer to "effect modifiers" as individual-level factors related to susceptibility; differential individual susceptibility to PM-related health risks is attributable to individual-specific characteristics, which we measured with individual combinations of modifiers. Therefore, the probability distribution of susceptibility depends not only on individual-level risks modified by a combination of characteristics but also on their prevalence rates. Modification by a single factor has been widely investigated in prior research; however, few studies have assessed effect modifications within a more complex system of multiple factors (8, 11) . Because an individual may have more than 1 concurrent potential effect modifier, the joint probabilities of multiple modifiers also contribute to the probability distribution of differential susceptibility in a population. Although the prevalence of single risk factors has been widely reported in many epidemiologic surveys (12, 13) , the joint distributions of multiple factors (i.e., the probability of persons with comorbid risk factors in a population) have rarely been studied due to the complicated correlations between the factors.
For this study, we focused on the risk of stroke to assess the modified health risks associated with PM 2.5 . Stroke was estimated to account for 33% of the 4.2 million global deaths that were attributable to ambient air pollution in 2015 (14) . Our goal was to explore individual-level modifiers of the risk of firstever stroke associated with short-term PM 2.5 exposure and to characterize the probability distribution of susceptibility to PM-related stroke in a large population sample.
METHODS
First, we conducted a case-crossover study of 1,356 stroke cases selected from the China National Stroke Screening Survey (CNSSS) database. Second, we associated stroke occurrences with ambient PM 2.5 using a distributed lag model (DLM) with adjustments for time-varying covariates and tested potential modifiers individually. Third, we simultaneously modeled multiple modifiers of the PM-stroke association. Fourth, we estimated variations in individual-specific PM-stroke associations according to different combinations of multiple modifiers. After deriving the joint probability distribution of the modifiers from all CNSSS participants, we finally estimated the proportions of differential susceptibility to PM-related stroke in the sample population. In this study, susceptibility was quantified as the increased risk per unit increase in exposure.
Study population
Data on stroke and relevant individual-level risk factors were derived from the CNSSS database for the period between September 1, 2013, and August 31, 2015. The CNSSS is an ongoing community-based stroke surveillance program among residents aged 40 years or more in all 31 provinces in mainland China; the sampling distribution of county-level demographic data was determined according to the 2010 China population. More details on the CNSSS can be found in our previous publication (13) . During our study period, there were 1,292,010 valid individual records with 31,188 identified stroke cases from 445 communities.
In the CNSSS, stroke history was established through a combination of self-reporting and the judgment of a neurologist or physician according to World Health Organization criteria. Individual-level risk factors examined in this study included 4 socioeconomic status variables (i.e., sex, age, education, and rural/urban residence), 5 lifestyle variables (i.e., smoking, alcohol consumption, overweight/obesity, physical inactivity, and low vegetable and fruit consumption), and 5 medical history variables (i.e., hypertension, diabetes, dyslipidemia, transient ischemic attack, and family history of stroke). These variables were considered as potential effect modifiers of associations between short-term PM 2.5 exposure and stroke. The detailed criteria for each risk factor are presented in Web Table 1 (available at https://academic.oup.com/aje).
For the case-crossover study, we included first-ever stroke events that occurred after February 1, 2013, with complete medical history and date-specific diagnosis information. The inclusion of stroke cases before this period might have led to absent exposure in either the hazard or the referent period due to the scarcity of available PM 2.5 monitoring data. Accordingly, 1,356 first-ever stroke events from 215 communities were included in our case-crossover study.
Environmental data and exposure assessment
We assessed PM 2.5 exposure and meteorological variables prior to first-ever stroke based on the community locations. To reduce exposure misclassification, we adopted daily PM 2.5 values with a spatial resolution of 0.1°across China during the years 2013-2015 using a data assimilation approach. Details of the approach were described in our previous study (15) . Briefly, the products combined satellite measurements of aerosol optical depth, Community Multiscale Air Quality Modeling System simulations, and daily PM 2.5 concentrations from 1,463 China Environmental Protection Ministry monitoring sites (Web Figure 1) . Cross-validation results showed that the fused estimates of PM 2.5 were in good agreement with in situ observations during the study period, with a correlation (R 2 ) of 0.64 and a root mean squared error of 27.7 μg/m 3 . Environmental covariates, including daily average measurements of temperature and relative humidity, were obtained from National Centers for Environmental Prediction reanalysis data provided by the US National Oceanic and Atmospheric Administration (16) .
Case-crossover study design
We examined the associations between the 1,356 cases of first-ever stroke and short-term exposure to PM 2.5 using a casecrossover design; this type of study design has been increasingly used to assess the health risks associated with air pollution (17, 18) . The case-crossover design involves only disease cases and compares exposure during the hazard period (defined as exposure just before the disease event) with that incurred during other, referent periods for each subject (19) . Each subject acted as his or her own control, such that personal confounders could be perfectly matched. In addition, selecting a referent period close to the time of the event allowed us to control for confounding effects that vary seasonally or over the long term (20) . The case-crossover study design requires fewer parameters than other designs, such as the case-control design, when analyzing modifying effects on an environmental risk factor (21) . For each subject, our study defined the day of first-ever stroke diagnosis and the 1-4 days before that day as the hazard period. For each case, we matched 3 referent periods: 2, 3, and 4 days prior to the hazard period.
Statistical analyses
The overall methodology and statistical analysis procedures are summarized in Figure 1 . Conditional logistic regression analyses with adjustments for nonlinear terms of meteorological covariates and weekly effects were used to associate first-ever stroke with daily PM 2.5 concentrations. We used the DLM to quantify the associations between PM 2.5 and stroke during a time window ranging from lag day 0 to lag day 4. The specific format of the covariates (equation 1 in Figure 1 ) was selected using the Bayesian Information Criterion. We examined different lag structures and curvatures for the environmental covariates (Web Figure 2) . The risk of PM-related stroke was quantified as the averaged odds ratio per 10-μg/m 3 PM 2.5 increment per day during a time window of 1-3 lag days when the lag-specific associations were statistically significantly positive.
To examine the modifying effects, we developed DLMs stratified by individual risk factors (Ω i ) and derived the change in the odds ratio (ΔOR) by subtracting 1 from the ratio of 2 stratum-specific odds ratios (equations 2.1 and 2.2 in Figure 1 ). The null hypothesis of ΔOR = 0 was examined by means of a likelihood ratio test.
To estimate the individual-specific association between PM 2.5 and stroke, we developed a conditional logistic model of multiple modifiers (equation 3 in Figure 1 ) under the following 2 assumptions: First, there would be no higher-order interactions between any 2 or more modifying factors, meaning that different modifiers would independently contribute to the cumulative effects of PM 2.5 ; second, the DLM-estimated overall association during lag days 1-3 could be approximated by the result of a linear term of the averaged PM 2.5 concentrations during the period. To avoid large standard errors due to the high-dimensional parameter space, we penalized the regression coefficients of the interacting terms by ridge regularization. We compared models with different sets of multiple modifiers and selected the optimal one using the Bayesian Information Criterion (Web Table 2 ). Personal odds ratios conditioned on individual-specific combinations of the multiple modifiers (Ω′) were derived on the basis of equation 4 in Figure 1 .
Considering the wide geographical coverage and large sample size of the CNSSS, the prevalence of a specific combination Probability of Individual-Level Susceptibility to PM-Related Stroke Among Chinese Adults:
Susceptibility Conditioned on an Individual-Specific Combination (Ω′ ) of Multiple Modifiers:
Joint Probability Distribution of Multiple Modifiers: P(Ω)
Modeling Multiple Modifiers (Ω) Simultaneously in Regression Model: 
Associating Stroke with PM 2.5 and Covariates:
Probability of an Individual-Specific Combination of Multiple Modifiers: Figure 1 . Data analysis procedure used in a time-stratified case-crossover study of associations between stroke risk and PM 2.5 exposure, China, 2013-2015. The case-crossover study involved 1,356 cases of first-ever stroke that occurred between February 1, 2013, and August 31, 2015. The China National Stroke Screening Survey (CNSSS) database included 1,292,010 valid records on stroke status, medical records, and other individual factors. DLM, distributed lag model; DOW, day of the week; OR, odds ratio; PM, particulate matter; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm; RH, relative humidity; Temp, temperature.
of modifiers among Chinese adults aged 40 years or more can be approximated by the frequency among all CNSSS participants (equation 3 in Figure 1 ). We estimated the probability of individual-level susceptibility to PM-related stroke among Chinese adults by combining the joint distribution of multiple modifiers and individual-specific odds ratios conditioned on all possible combinations of the modifiers (equation 6 in Figure 1) .
The analyses were performed using the R statistical package (R Foundation for Statistical Computing, Vienna, Austria), and the inferences of conditional logistic regression and DLMs were performed using the R packages survival and dlnm (22, 23) .
Sensitivity analyses
In the sensitivity analysis, we tested the robustness of the averaged odds ratios during lag days 1-3 using 1) different PM 2.5 estimation methods, 2) exposure referent selection, and 3) curvatures and lag structures of the environmental covariates. We also introduced 2 continuous variables (body mass index (weight (kg)/height (m) 2 ) and fasting blood glucose concentration) into single-modifier models as alternative indicators for obesity and diabetes, respectively. Additionally, we compared the modifying effects of the single factors (ΔOR) estimated by the DLMs (equation 2 in Figure 1 ) with the results generated by the models using a linear term of the averaged PM 2.5 exposures during lag days 1-3 to examine the second assumption for multiple-modifier models (Web Figure 3) . Finally, we examined the hypothesis of a log-linear association between stroke risk and PM 2.5 , which was assumed to be true for all of the analyses above. Detailed descriptions of the sensitivity analysis are presented in the Web Appendix.
RESULTS
Overall PM 2.5 -stroke associations Table 1 presents the characteristics of the stroke cases involved in the case-crossover study and those of the overall CNSSS participants. Of the 1,356 qualified cases of first-ever stroke, 65% were in persons aged 60 years or more; there were more rural residents (58%) than urban residents (42%); the numbers of men and women were approximately equal; and the educational attainment of the patients was mostly below high school (82%). Most of the measured variables followed distributions similar to those of the overall CNSSS stroke patients, suggesting the representativeness of the case-crossover samples. Table 2 provides a descriptive summary of the environmental conditions (PM 2.5 concentrations, temperature, and relative humidity) during the different periods defined in this case-crossover study.
As Figure 2 shows, percent changes in the odds ratio for firstever stroke of 1.5% (95% confidence interval (CI): −0.3, 3.3), 4.2% (95% CI: 2.4, 6.0), 8.0% (95% CI: 6.2, 9.9), 4.3% (95% CI: 2.6, 6.0), and −1.0% (95% CI: −2.6, 0.6) were associated with a 10-μg/m 3 increment in PM 2.5 exposure at fixed lags of Abbreviations: CNSSS, China National Stroke Screening Survey; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm.
a There were missing values for educational attainment, alcohol consumption, vegetable and fruit consumption, and dyslipidemia. 0, 1, 2, 3, and 4 days, respectively. The results were consistent with the estimates of the DLM, which produced an averaged odds ratio of 1.049 (95% CI: 1.038, 1.061) during lag days 1-3.
Effect modification by single factors
Modifications of the association between stroke and PM 2.5 during lag days 1-3 by the 14 variables are presented in Web Figure 4 . Compared with their corresponding referents, male sex, urban residence, older age, educational attainment above high school, low vegetable and fruit consumption, alcohol consumption, overweight/obesity, diabetes, and hypertension increased the risk of PM-related stroke at different lags. For the overall associations during lag days 1-3, a statistically significant enhancement of PM-related stroke was found among males and among patients with low vegetable and fruit consumption.
Combined associations with multiple modifiers
The performances of models with multiple modifiers are presented in Web Table 2 . For the optimal model based on the Bayesian Information Criterion, all possible combinations of the 14 modifiers are presented in Web Figure 5 , together with their joint frequencies in all CNSSS participants. Modified risks associated with PM 2.5 by those combinations are also displayed in Web Figure 5 . We observed that the estimated associations varied, with a range from 0.966 (95% CI: 0.920, 1.013) to 1.145 (95% CI:1.080, 1.215) per 10-μg/m 3 PM 2.5 increase.
Probability distribution of susceptibility to PM-related stroke
Through application of the combined associations estimated by the case-crossover study to all CNSSS participants, we derived the cumulative distribution function for the individualspecific susceptibility to PM-related stroke (Figure 3 ). Summary statistics for the distribution of odds ratios among the CNSSS participants are presented in Table 3 . We observed that 80.9% of the CNSSS participants were at increased risk of PM 2.5 -related stroke (i.e., odds ratios > 1.000), while extra stroke risks higher than 4.1%, 5.7%, and 6.9% were associated with a 10-μg/m 3 increment in PM 2.5 for 50%, 10%, and 5% of the CNSSS participants, respectively. Overall, higher estimates for PM 2.5 were observed in subpopulations with more susceptible characteristics, such as diabetes (mean odds ratio (OR) = 1.043). The median odds ratio for the entire CNSSS population (OR = 1.022, 95% CI: 0.986, 1.059) was slightly lower than the odds ratio obtained without any effect modifiers (OR = 1.049, 95% CI: 1.038, 1.061) (Web Table 2 ) because the latter calculation ignored the heterogeneous susceptibilities and the differences between the compositions of the case-crossover subjects and the general population (Table 1) .
DISCUSSION
Benefitting from the availability of detailed information on individual-level characteristics from a large representative sample of all Chinese adults aged 40 years or more, this study delineated the differential levels of susceptibility to PM 2.5 -related stroke in the general population. Our findings add evidence in support of the association between PM 2.5 exposure and first-ever stroke and indicate that the association varied considerably according to individual-specific characteristics.
Despite mounting evidence, associations between the risk of stroke and short-term exposure to ambient PM 2.5 are inconsistent (24, 25) . Shah et al. (25) derived a pooled relative risk of 1.011 (95% CI: 1.011, 1.012) per 10-μg/m 3 increment of PM 2.5 on the basis of 41 estimates selected from 103 studies of stroke, in which the relative risk values ranged from 0.971 to 1.314 (26, 27) . Although extrinsic factors, such as differences in the sources or constituents of PM, are likely to contribute to some of the heterogeneity in these studies (9) , variations in the distributions of individual characteristics in different studies may also explain the divergence (28) . In our study, we found an odds ratio of 1.049 (95% CI: 1.038, 1.061) per 10-μg/m 3 increase in PM 2.5 for firstever stroke, which is comparable to previous results. Specifically, when differential susceptibility stratified by individual-level characteristics was incorporated, we found that the odds ratio changed from 0.966 (95% CI: 0.920, 1.013) to 1.145 (95% CI: 1.080, 1.215) among Chinese adults, which is very close to the range reported in the previous meta-analysis (25) .
Our study adds to the limited evidence concerning potential PM-related subgroups at elevated risk of stroke-specific associations with air pollution exposure (28) (29) (30) and is largely consistent with existing literature on diabetes (28, 31) , overweight/ obesity (32, 33) , and consumption of fruit and vegetables (34) as effect modifiers of the association between short-term PM 2.5 exposure and the risk of stroke. Additionally, when fasting blood glucose or body mass index was introduced as a continuous variable in the sensitivity analyses, we observed that the estimated risks increased linearly with fasting blood glucose or body mass index (Web Figures 6 and 7) . Several possible biological pathways have been suggested as explanations for enhanced susceptibility to health risks associated with PM exposure: enhanced chronic inflammation, vascular reactivity, prothrombotic tendencies, and endothelial, vascular, and autonomic dysfunction in patients with diabetes (28, 34) ; elevated inflammatory conditions and decreased oxidant defense in overweight/ obese individuals (5, 35, 36) ; and neuroinflammation and peroxidation through oxidative stress in persons with low consumption of vegetables and fruits (34) . Although this remains an active area of investigation, it seems plausible that people with diabetes, obesity, or low vegetable and fruit consumption may be more prone to PM 2.5 -related stroke risk, and relevant public interventions might actually help modify the risk. Our findings highlight the importance of risk factors that could potentially modify cardiovascular responses to air pollution exposure, in which multiple modifiers, instead of single ones, determined individual-level susceptibility.
To our knowledge, few prior studies estimated the proportion and characteristics of subgroups susceptible to PM-related diseases across the entire population; only Schwartz et al. (37) simulated a literature-based scenario regarding estimation of the distribution of PM-associated heart attack risk, and they found a high incremental risk in a small fraction of the population with diabetes. Overall, our results remain consistent with this hypothetical scenario, and the benefit of detailed individual 
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Cumulative Probability Probability Density Figure 3 . Modified associations between the risk of first-ever stroke and a 10-μg/m 3 increment of PM 2.5 exposure among participants in the China National Stroke Screening Survey (n = 1,292,010), China, 2013-2015. The curve denotes the cumulative probability function, and the histogram denotes the probability density distribution. PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 μm. Abbreviations: CI, confidence interval; CNSSS, China National Stroke Screening Survey; OR, odds ratio; PM 2.5 , particulate matter with an aerodynamic diameter less than 2.5 μm.
a Details on the criteria and categories used for each risk factor are presented in Web Table 1 .
information from the national survey allowed us to identify more susceptible subpopulations. Our finding of differential susceptibility across the entire population highlights the possibility that the composition of a study population might considerably influence its overall associations with PM 2.5 exposure; this hypothesis is also supported by some previous evidence, although without precise estimates (28) . Compositions of study populations deserve further investigation, and future studies will require more detailed descriptions of their subject cohorts. These insights will provide further evidence for more causal and consistent conclusions on the health risks of air pollution.
The advanced exposure estimate method in this study utilized a data assimilation system that made full use of all available data on PM 2.5 in China. In the sensitivity analyses, we compared the associations estimated with fused PM 2.5 with the associations with 2 additional products (Community Multiscale Air Quality Modeling System-simulated PM 2.5 and interpolated PM 2.5 ) using spatiotemporal kriging (Web Figure 8) and found that the estimated associations were robust regardless of the difference in exposure assessments. Among the 3 products, the models based on the fused PM 2.5 were optimal in terms of the Bayesian Information Criterion and had a minimal uncertainty range. With temporal continuity and full spatial coverage, the data assimilation system minimized the potential exposure misclassification in our risk estimation and substantially improved the accuracy of our exposure assessment. Additionally, the sensitivity analyses showed that the estimated PM-stroke association was robust regardless of the selection of different referent periods (Web Figure 9 ) and the specific formats of the covariates (Web Figure 2) in the case-crossover study.
Our study had some important limitations. First, the prior assumption of no higher-order interactions between any 2 or more modifying factors in our study could have been invalid. Different modifiers may not make independent contributions to the cumulative effect, and ignoring higher-order interactions between 2 or more covariates and exposure can bias the estimated susceptibility. Second, for all of the statistical analyses, we assumed the PM-stroke association to be linear. We explored the curvature of the PM-stroke association in the sensitivity analyses and found that the risk of stroke increased linearly with the increment of PM 2.5 overall, but a possible threshold effect was also observed with PM 2.5 concentrations less than 30 μg/m 3 (Web Figure 10) . Ignoring the threshold effect could lead to a certain degree of uncertainty in less polluted regions. Additionally, we ignored the potentially different curvatures of the PM-stroke association (which are usually known as dose-response curves) between various subpopulations, because incorporating nonlinear modeling of the PM-stroke association with the cumulative effects of multiple modifiers is complicated and was beyond our scope. Third, to characterize the complex correlation between multiple modifiers, we approximated the probabilities for all possible combinations using the frequencies (equation 5 in Figure 1 ) in the CNSSS. For combinations of rarely concurrent modifiers, the estimates are less accurate due to small sample sizes. In other words, this approach may increase the uncertainty of estimated probabilities for extreme values located along the 2 tails of the susceptibility distribution (Figure 3) .
The fourth limitation was the small size of the sample in our case-crossover study. Limited by the poor availability of data on PM 2.5 concentrations across China, our study included only patients with first-ever stroke during 2013-2015. Therefore, the low sample size may have masked the significance of some potential modifiers. Besides, we found that urban residence potentially enhanced the estimated risk associated with PM 2.5 (Web Figure 4) , which might reflect differences in the toxicity of the particles. Due to their sources, air particles in urban areas of China are usually richer in toxic species, such as carbon elements (38) . Assuming equal toxicities of PM 2.5 in different locations also limited our findings. Finally, the CNSSS only sampled people aged 40 years or older and did not collect information about mortality or cause of death. It may have resulted in biased estimation, and our study results may not be generalizable to all population groups. Future studies with data on larger populations and fatal events would be necessary to confirm our findings.
In summary, data from a national survey of adults suggested that associations between short-term exposure to ambient fine PM and the risk of first-ever stroke vary across differential levels of susceptibility. Ignoring variations in the distributions of individual-level characteristics may result in substantially biased estimation of particulate-related health risks in a population.
